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Abstract. We demonstrate the non-negligible effect of transition magnetic moments on
three-flavor collective oscillations of Majorana neutrinos in the core of type-II supernovae,
within the single-angle approximation. We argue that data from a galactic supernova in
conjunction with terrestrial experiments can potentially give us clues about the non-zero
nature of neutrino transition magnetic moments if these are Majorana fermions, even if their
values are as small as those predicted by the Standard Model augmented by nonzero neutrino
Majorana masses.
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1 Introduction
Over the past several years, the possibility of extracting neutrino properties from measure-
ments of the flux of supernova neutrinos has been seriously considered. For example, collec-
tive neutrino oscillation effects, once properly taken into account, may allow one to, perhaps,
robustly determine the neutrino mass hierarchy from measurements of the energy spectrum
of electron-type neutrinos [1–11]. It is known that there is a discontinuity in the electron
neutrino spectrum for an inverted neutrino mass hierarchy induced by collective oscillations,
usually referred to as a ‘spectral split’. An interesting feature of this phenomenon is its sen-
sitivity to the mass hierarchy even for very small mixing angles. This can be understood in
terms of a mean-field Hamiltonian, which is minimized for different configurations depending
on the mass hierarchy of the neutrino [4, 6–8, 12, 13]. In this language, the mixing angle
serves to provide the initial perturbation necessary to take the system out of an unstable
equilibrium configuration and the final result is hence almost independent from the value of
the mixing angle, as long as it is nonzero. The prospect of being able to measure the mass
hierarchy of the neutrinos irrespective of the value θ13 led to a lot of excitement, as it was
identified as the only mechanism capable of such a measurement if it had turned out that
sin2 θ13 . 10
−5. The recent discovery that θ13 is relatively large [14–17] reveals that the
hierarchy measurement is within reach of the current and next-generation of accelerator and
atmospheric neutrino experiments (see, for example, [18, 19]).
We recently noted that a very small transition magnetic moment for the neutrinos can
have a significant effect on collective neutrino oscillations in core-collapse supernovae [20]
if these are Majorana fermions.1 Here we extend our analysis and consider the effects of
transition magnetic moments in the context of three-flavor oscillations. Our motivation is
threefold. It has been noted before in the literature that there are instabilities in collective
neutrino oscillations that are artificial and a result of the two-flavor approximation [23]. It is,
therefore, important to make sure that the results reported in [20] are not an artifact of the
two-flavor approximation. Furthermore, it is well-known that, after the collective oscillation
regime, there is a non-trivial modification of neutrino flux spectra due to the standard MSW
effect, which is also dependent on the neutrino mass ordering. This effect cannot be properly
captured using the two flavor approximation, so in [20] we were unable to reliably compute
1The issue of possible effects of transition magnetic moments in collective neutrino oscillations was raised
previously in [21]. The possibility that lepton-number violating effects could modify the dynamics of supernova
explosions significantly was raised a long time ago, in [22].
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the spectra of supernova neutrinos as these arrive on the surface of the Earth. Finally, the
study of three-flavor collective oscillations, including Majorana neutrino magnetic moments
contains more free parameters (e.g., there are three transition moments), a fact that may
lead to qualitatively different phenomena.
We find that three-flavor effects do not “wash out” the results presented in [20]. We also
compute expected supernova neutrino flavor spectra at the surface of the Earth, and estimate
whether effects from nonzero transition magnetic moments can be “seen” in next-generation
neutrino experiments. Finally, we also comment on the sensitivity of supernova neutrino
oscillations to the Dirac CP-violating phase in the lepton mixing matrix. It is known that the
CP-violating phase has no effect on the collective oscillations if the µ and τ neutrinos have the
same initial fluxes [24]. We find that this result no longer holds when the effects of transition
magnetic moments and CP-violating phases are considered simultaneously. Such effects,
however, appear to be quantitatively too small to have phenomenological consequences in
any realistic scenario.
It is also important to make sure that the effects of transition magnetic moments persist
in the more realistic multi-angle approximation [11, 25–27], but here we restrict the analysis
to the single-angle approximation. Past multi-angle studies, which do not take into account
non-zero neutrino magnetic moments or other “new physics” reveal, however, that single
angle calculations often provide excellent guidance regarding the importance of collective
oscillations, including the order of magnitude of oscillation parameters above which we can
expect a significant effect on the final flux. It seems reasonable to expect the same regarding
non-zero neutrino transition magnetic moments. We highlight the fact that no multi-angle
analysis of collective neutrino oscillations which included the effects of transition of magnetic
moments has been performed to date. We are currently contemplating pursing this most
challenging computation.
We limit our analysis of collective effects to the later stages of supernova evolution
(∼ 3.5 seconds after bounce), when the shock wave front is no longer interacting with the
neutrinos, and ignore the time-dependency of the neutrino flux. Strictly speaking, our results
apply only to a small fraction of the total neutrino flux, as most of the neutrinos in a core
collapse supernova are emitted within the first second of the bounce. We focus on this late
stage of evolution for simplicity and in order to properly highlight the effect of the neutrino
magnetic moments. During earlier phases, very high matter densities render the calculation
of the collective oscillations much more involved. The back-scattering of neutrinos due to
ambient matter, for example, may play an important role in the collective oscillations and
could modify the picture presented here qualitatively. As of the time of this writing, this
topic remains unresolved even in the absence of transition magnetic moments [28, 29]. We
study the effect of transition magnetic moment on collective oscillation in the later stages of
supernova evolution to avoid these and other complications.
2 Hamiltonian
We use the same equations of motion as the ones used in [20], augmented to include three
flavors of neutrinos and antineutrinos.
The vacuum Hamiltonian in the three-flavor case is a 6 × 6 matrix and a function
of the neutrino mixing matrix U , the neutrino transition magnetic moments µαβ, α, β =
e, µ, τ , the magnetic field inside the supernova and the mass eigenvalues – a straight forward
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generalisation of the two flavor Hamiltonian considered in [20]:
Hvac =
(
Hθ HµB
−HµB Hθ
)
, (2.1)
where Hθ and HµB are given below in terms of the neutrino mass-squared differences, ∆m
2
ij,
i, j = 1, 2, 3, the mixing angles that parameterize U (we stick to the standard parameteri-
sation [30]), and the product of transition magnetic moments and the transverse magnetic
field, µB.
Hθ = U

0 0 00 ∆m212 0
0 0 ∆m213

U †, (2.2)
HµB =

 0 µeµB µeτB−µeµB 0 µµτB
−µeτB −µµτB 0

 . (2.3)
Throughout, we use the following values for the mixing angles and the mass-squared
differences [14–16, 31, 32]. We set all Majorana phases to zero, unless otherwise noted.
∆m212 = 7.6× 10−5 eV2, sin2(θ12) = 0.31,∣∣∆m213∣∣ = 2.5× 10−3 eV2, sin2(2θ23) = 1, (2.4)
δ = 0◦, 180◦, sin2(2θ13) = 0.1.
We will discuss the two different neutrino mass hierarchies (normal or inverted, character-
ized by the sign of ∆m213) individually. Although there are hints for the deviation of the
atmospheric mixing angle from maximal (see [33–35]), we only consider the maximal value
of sin2 2θ23 in our simulation. Non-maximal θ23 values do not lead to qualitatively different
results.
The matter effect due to ambient matter includes self-interactions, given by
Hself =
√
2GFnν
∫
dE G†(ρ(E) − ρ(E)c∗)G+ 1
2
G†Tr ((ρ(E) − ρ(E)c∗)G) , (2.5)
where G = diag(1, 1, 1,−1,−1,−1). The three-flavor matter effect due to ordinary matter
(electrons) is Hmat = diag(
√
2GFne, 0, 0,−
√
2GFne, 0, 0). This self-interaction Hamiltonian
is a straight forward generalisation of the one derived in [20]. A detailed discussion of the
effect of the electromagnetic field on helicity changing amplitudes can also be found in [21].
3 Neutrino fluxes and magnetic fields inside supernovae
We assume that the neutrino spectra have an initial distribution, at the neutrinosphere,
that follows a Fermi-Dirac distribution with temperature (T ), and chemical potential (η),
dependent on the flavor f = e, µ, τ, e¯, µ¯, τ¯ of the neutrino species.
φf (q) ∝ 1
exp(q/Tf − ηf ) + 1 , (3.1)
where q is the neutrino momentum, which has magnitude q. We use chemical potentials,
temperatures, and luminosities from the steep power law model described in [36], with p = 10
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Figure 1. Initial flux used in the simulation
and q = 3.5. As mentioned in the Introduction, this late-time flux, which we assume is time-
independent, represents only a small fraction of total neutrino flux emitted in a core-collapse
supernova event.
Integrating over the neutrino direction, we can express the flux as a function of q, which
is, for all practical purposes, also the neutrino energy:
φf (q) ∝ q
2
exp(q/Tf − ηf ) + 1
. (3.2)
The integral of φf (q) over q yields the total number of neutrinos νf per unit volume.
The effective neutrino number is dependent on the relative velocity between the neutri-
nos. Since the maximum relative angle between neutrino momenta fall as we move away from
the neutrinosphere, the total number of neutrinos falls faster than inverse-distance squared.
We normalize the total number of neutrinos at the surface of the neutrino sphere Rν , which
we assume to be at a radius of 10 km. At the surface of the neutrino sphere, the effective
luminosity is half that of the total luminosity. The effective neutrino number as a function
of radius is
D(r) =
1
2

1−
√
1−
(
Rν
r
)2 . (3.3)
We normalize the total energy-luminosity as follows
nf (r) =
1
2piR2ν
Lf
〈Ef 〉D(r). (3.4)
The density matrix is normalized to unity so that the coefficient nν in Eq. (2.5) is equal
to the sum of nf . We are using Le = 4.1 × 1051 ergs/sec, Le¯ = 4.3 × 1051 ergs/sec and
Lµ,µ¯,τ,τ¯ = 7.9× 1051 ergs/sec [36].
The ratio of the luminosity to the product of the transition magnetic moment and mag-
netic field, Bµ, determines whether the transition magnetic moment effects “kick in” or not.
It is important to know the magnitude and direction of the magnetic field before conclusions
about the value of the transition magnetic moment can drawn from the observations. We
– 4 –
don’t know of any astrophysical observations that can provide any clue regarding these quan-
tities. However, we assume a reasonable profile for the magnetic field near the supernova
core and, since only the transverse component of the magnetic field has any effect on the
evolution of the supernova neutrino spectra, we assume it to be perpendicular to the line of
sight of the supernova with respect to the Earth.
The magnitude of the transition magnetic moments predicted in the Standard Model
with massive Majorana neutrinos is around four orders of magnitude less than the would-
be diagonal Dirac neutrino magnetic moments (µD ∼ 3 × 10−20µB for mν ∼ 0.1 eV), and
calculable, as first discussed in [37], in terms of neutrino/charged-lepton masses and the
parameters of the leptonic mixing matrix, including the Majorana phases. In more detail,
given the values of the oscillation parameters listed in the previous section and using Eqs. (83)
and (84) from [38], one can quickly compute the “Standard Model” expected ranges for
the magnitude of the neutrino transition magnetic moments. For me,mµ ≪ mτ and fixed
m1 = m2 = m3 = 0.1 eV, the transition magnetic moment components in the mass basis are,
depending on the values of the Dirac and the Majorana phases,
|µij | =

 0 [0, 3.1] [0, 3.3][0, 3.1] 0 [0, 7.2]
[0, 3.3] [0, 7.2] 0

× 10−24 µB . (3.5)
We recall that the transition magnetic moment matrix for Majorana neutrinos is antisym-
metric (see Eq. (2.3)), so the range of lower triangular components is uniquely determined by
the range of upper triangular components. Furthermore, the various components of µij are
strongly correlated. The value of the transition moments in the flavor basis, µαβ, αβ = e, µ, τ
(see Eq. (2.3)), are related to µij: µαβ = U
∗
αiU
∗
βjµij.
It should be noted that, unlike previous studies of transition magnetic moments in the
context of supernova explosions, for example in the context of explaining pulsar kicks [39, 40],
we use values of magnetic fields and transition magnetic moments that are several orders of
magnitude lower. Following the convention in [20], we write the product of the transition
magnetic moment and magnetic field in multiples of the product of the diagonal magnetic
moment of a would-be Dirac neutrino and the magnetic field, denoted by (µDB)std, assuming
a magnetic field that is inversely proportional to the square of the distance to the center of
the explosion,
B(r) = 1012
(
50 km
r
)2
gauss. (3.6)
Throughout the paper we assume the magnetic field profile described by Eq. (3.6). The value
of transition magnetic moment times magnetic field used in our simulations is of the same
order of magnitude as predicted in the Standard Model for a neutrino mass of order 0.1 eV,
µB = 10−4(µDB)std.
4 Results
For simplicity, we will consider the effects of “turning on” one element of µ at a time,
i.e., only one of µeµ, µeτ , and µµτ is assumed to dominate the relevant phenomena at a
given time. Hence we are ignoring the correlations between components of the transition
magnetic moments that are, in the absence of new physics beyond Majorana neutrino masses,
dependent on the neutrino masses and lepton mixing matrix, including Majorana phases.
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Figure 2. Three-flavor spectra at r = 250 km for an inverted (left) and normal (right) neutrino mass
hierarchy, at best fit values of neutrino oscillation parameters(see Eq. 2.4) and no magnetic moment.
The dashed (solid) lines represent initial (final) fluxes. Final νx/ν¯x, x = µ, τ fluxes are not depicted.
We use the same convention throughout the paper.
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Figure 3. Three-flavor spectra at r = 250 km for an inverted (left) and normal (right) neutrino mass
hierarchy, at best fit values of neutrino oscillation parameters and no magnetic moment. Final νe/ν¯e
fluxes are not depicted.
Hence, we have not considered the possible interference effects of two or all non-vanishing
components simultaneously. We find that while the effects of the transition magnetic moment
µeµ is different from that of µeτ or µµτ , these are qualitatively similar, and appear not be
distinguishable in any conceivable realistic experiment. Hence, we only present results for a
nonzero µeµ and comment on what happens for a nonzero µeτ or µµτ when relevant.
Figs. 2, 3 and 4 depict the initial (dashed lines) and final (solid) neutrino fluxes as
a function of energy and flavor, for a vanishing/non-vanishing µeµB and for a normal and
inverted neutrino mass hierarchy (right and left, respectively). Here the final fluxes are
computed at r = 250 km, as in [20]. Note that while Fig. 3 depicts the νµ, ντ , ν¯µ, ν¯τ final
fluxes, the other two, and all figures henceforth, depict only the νe and ν¯e fluxes, as these
are the ones one is most likely to measure experimentally. Finally, for reference-purposes, all
figures include the initial νe, ν¯e and νx = νµ, ντ , ν¯µ, ν¯τ fluxes.
A comparison of Figs. 2 with Figs. 4 clearly reveals that the presence of even a tiny
magnetic moment – of order of the ones expected from Standard Model interactions – leads
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Figure 4. Three flavor spectra at r = 250 km for an inverted (left) and normal (right) neutrino mass
hierarchy, at best fit values of neutrino oscillation parameters with δ = 0◦ and µeµB = 10
−4(µDB)std.
to qualitatively different final spectra. As expected, the transition magnetic moments have
a “switch-on effect” just like the elements of the neutrino mixing matrix, (e.g. θ13). We
find that the Bµµτ switch-on values are higher than those for Bµeµ and Bµeτ but, for
sufficiently large values of magnetic moments or neutrino luminosity, the final fluxes do not
have features that qualitatively distinguish the various components of the transition magnetic
moment matrix. Furthermore, for low enough values of the transition magnetic moment or
neutrino luminosity, the final fluxes obtained with either nonzero Bµeµ or Bµeτ look exactly
the same. Unlike the instability due to θ13 or the transition magnetic moment in the two-
flavor approximation [20], we do not see a clear ‘split’ in the spectrum due to the transition
magnetic moment for the three-flavor calculations; the three-flavor νe and ν¯e spectra have
more structure.
Figure 5 depicts the position-evolution of the νe flux for different values of Bµeµ. In the
case of a nonzero Bµeµ, the oscillatory structure is a lot less regular, and the value of the
flux is still changing quantitatively as a function of r as r approaches 250 km. Furthermore,
at “large” r values, the flux depends quantitatively on the magnitude of Bµeµ, for the Bµeµ
values in which we are interested.
Fig. 6 is identical to Fig. 4 except for the value of the CP-odd phase δ, which is zero
(Fig. 4) or 180◦ (Fig. 6). It is easy to see that, quantitatively, the two sets of figures are not
the same, which implies that, in principle, if the transition magnetic moment effects are not
negligible, the flux of neutrinos from supernova should depend on δ.
In the absence of magnetic moment effects, since the survival probability of the electron
type neutrino(Pee) is independent of the CP phase, the final electron-type neutrino flux (φfe ),
in the case of identical νµ and ντ initial fluxes(φ
i), is not affected by the CP phase [24]:
φfe = Peeφ
i
e + Pµeφ
i
µ + Pτeφ
i
τ ,
= Peeφ
i
e + (Pµe + Pτe)φ
i
µ (for φ
i
µ = φ
i
τ ), (4.1)
= Peeφ
i
e + (1− Pee)φiµ.
A nonzero µeµ or µeτ component of the transition magnetic moment matrix, however, breaks
the µ − τ symmetry of the system, rendering the survival probability dependent on the CP
phase. Furthermore, Majorana transition magnetic moments allow for “neutrino–antineutrino”
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Figure 5. νe flux as a function of distance for 10 MeV neutrinos and three values of eµ compo-
nent of the neutrino transition magnetic moment – µeµB = 0, 10
−4(µDB)std, 10
−3(µDB)std – for an
inverted(left) and normal(right) neutrino mass hierarchy.
transitions, such that
φfe =
∑
α=e,µ,τ,e¯,µ¯,τ¯
Pαeφ
i
α. (4.2)
The large lepton-number violating contribution from Pe¯e, Pµ¯e, Pτ¯ e qualitatively changes the
nature of the problem.
Comparing Figs. 4 and 6, it appears that a measurement of the CP phase via mea-
surements of the supernova flux spectra would not be possible, considering the practical
observational challenges such as the uncertainty in the initial flux spectra, limited statistics
and limited energy resolution of the neutrino detectors.
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Figure 6. Three flavor spectrum at r = 250 km for an inverted (left) and normal (right) neutrino
mass hierarchy at best fit values of neutrino oscillation parameters with δ = 180◦ and µeµB =
10−4(µDB)std.
This effect of the Dirac CP phase is proportional to the total luminosity of the supernova
and in the case of lower energy-luminosity the effect vanishes. The reason for this is that, for
low-enough neutrino luminosities, the system becomes, effectively, a two-flavor system, and
no CP-violating effects can be accommodated. While it appears inconceivable to use this
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dependence on the CP phase as a method of measuring the CP phase, this result underscores
the importance of measuring the CP phase in terrestrial experiments in order to extract
as much physics as possible from supernova neutrino fluxes. The non-trivial effect of the
CP phase is also a good example of why it is imperative to search for supernova-model-
independent measurable quantities in the context of collective oscillations.
In order to compute fluxes that are representative of the spectra we would observe in a
detector on/in the Earth, it is necessary to study the evolution of the neutrinos in the post-
collective regime. In order to find the neutrino spectra beyond the standard MSW region, we
calculate the average neutrino fluxes for r values between 24000 and 25000 km. These fluxes
are depicted in Figs. 7 and 8, for a zero and nonzero Bµeµ, respectively. We average over
a finite length in order to get rid of rapid oscillations and thus take into account the effect
of kinematic decoherence that occurs when the neutrino travels a very long distance. Apart
from the MSW effect in the supernova at relatively larger radii, there are also potentially
significant matter effects in the Earth (see, e.g., [1, 41–45]). Here we ignore Earth matter
effects. These are dependent on the position of the supernova in the sky with respect to the
neutrino detector.
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Figure 7. Three flavor spectrum averaged over r = 24000 − 25000 km for an inverted (left) and
normal (right) neutrino mass hierarchy, at best fit values of neutrino oscillation parameters, δ = 0◦
and µeµB = 0.
After the MSW effect is taken into account, when magnetic moment effects are negligi-
ble, the prominent split present in case of an inverted neutrino mass hierarchy becomes less
dramatic (see Fig. 7). This is consistent with comparable results discussed in [46]. In the
presence of a nonzero transition magnetic moment, standard matter effects, while significant,
do not qualitatively modify the effects due to the magnetic moment (see Fig. 8).
Quantitatively, all results are very sensitive to the initial neutrino flavor spectra. Con-
sidering the uncertainty in these initial neutrino spectra, the most promising way of experi-
mentally searching for effects of the transition magnetic moments would be to compare the
flux of electron neutrinos to that of electron antineutrinos. Here we consider the ratio of
electron neutrino to electron antineutrino events that would be observed in an Earth-bound
experiment. Since the cross-section increases with energy, this ratio is dominated by the flux
in the high energy region. In the absence of the effect of a transition magnetic moment, there
is an excess of antineutrino flux over neutrino flux (see Fig. 7). This is not the case when
the magnetic moment effect is present (see Fig. 8). We find that this is a robust feature in
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Figure 8. Three flavor spectrum averaged over r = 24000 − 25000 km for an inverted (left) and
normal (right) neutrino mass hierarchy, at best fit values of neutrino oscillation parameters, δ = 0◦
and µeµB = 10
−4(µDB)std.
all comparable simulations that include the effects of a transition magnetic moment.
We estimate the ratio of events by integrating the product of the charged-current cross-
section in argon and the final fluxes over the energy. The charge current interaction of
electron neutrinos and anti-electron neutrinos results in the formation of unstable nuclei,
νe +
40Ar → 40K∗ + e−, (4.3)
ν¯e +
40Ar → 40Cl∗ + e+, (4.4)
the gamma decays of which could be distinguished by virtue of their different Q values and
transition states, thus allowing charge identification [47]. We use the cross-sections depicted
in Fig. 1 of [47].
For a liquid argon-type detector, the ratio of electron neutrino to electron antineutrino
events Re/e¯ , assuming the final fluxes depicted Fig. 7, for inverted and normal hierarchy is
Re/e¯ = 22.60 and Re/e¯ = 20.05, respectively. Assuming the final fluxes depicted in Fig. 8,
the same ratio is Re/e¯ = 35.91 and 28.67, respectively. Depending on the mass hierarchy,
and whether it is known, a measurement of Re/e¯ for late-arriving neutrinos
2 at around the
10% level3 would allow one to conclude that the data are not compatible with zero neutrino
transition magnetic moments, in the absence of other new physics.
The ratio described is, arguably, a very crude observable one can construct out of future
observations of supernova neutrinos, but we can, nonetheless, still possibly extract evidence
for a non-zero transition magnetic moment in this fashion. That all ratios are much greater
than one is an artifact of the fact that liquid argon has a much larger neutrino-nucleon
cross-section than antineutrino-nucleon cross-section. As already mentioned, the increase in
the cross-section with energy gives a greater weight to the high energy region of the flux
spectra. Robust features associated to magnetic moment effects in this high energy region
provide the most reliable information when it comes to distinguishing the flux with and
without transition magnetic moment. The robustness of these features, along with a more
2Keep in mind that, strictly speaking, our results apply to supernova neutrinos that are produced a few
seconds after bounce.
3The uncertainty should include all “systematic uncertainties”, including those related to the modeling of
the neutrino source.
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detailed study of potentially observable effects of nonzero magnetic moments, deserves further
investigation with different models for the initial fluxes, etc, beyond the intents of this paper.
On the flip side, we would like to point out that a nonzero magnetic moment effect
may hinder our ability to determine neutrino oscillation parameters using (even very pre-
cise) measurements of the neutrino fluxes from supernova explosions. For example, in the
case of a normal mass hierarchy and ignoring the effect of the transition magnetic moment
(Fig. 7(right)) there is a significant excess of electron neutrinos over antineutrinos in the 10
MeV region. However, once the effect of a transition magnetic moment is included (Fig. 8),
this distinguishing feature disappears. In isolation, the absence of an excess of electron neu-
trinos at around 10 MeV does not serve as evidence for an inverted neutrino mass hierarchy.
It may simply be a consequence of a nonzero magnetic moment effect. Note that even if
the initial flux spectra were known very well, it appears very challenging to tell Fig. 8(right)
from Fig. 8(left). Keeping in mind that magnetic moment effects may be absent even if the
neutrino magnetic moments are not, since these depend on the properties of the magnetic
field inside the supernova, it is clear that the extraction of information on neutrino oscillating
parameters from supernova explosions is a very nontrivial endeavor.4
Before concluding, we would like to highlight that, as is well-known, large enough values
of the neutrino transition magnetic moments, combined with the standard MSW effect inside
astrophysical objects, can significantly modify the neutrino oscillation patterns. This has
been studied quite extensively in the context of the solar neutrino problem (See for Eg. [48–
50]) as well as resonant spin-flavor oscillations in core-collapse supernovae for large magnetic
moments [51–53]. The same effect can also play a role inside supernovae in the post collective
oscillation regime. Here, however, we are interested in values of the magnetic moment that
are so small that all potential such effects are negligible. We also note that one of the
most stringent limits on the magnetic moment of a Dirac neutrino, for example, comes from
supernova SN1987A (see, e.g., [54–56]). The induced active–sterile neutrino transitions make
it easier for the supernovae to loose energy in the form of sterile neutrinos. Here, of course,
we assume the neutrinos are Majorana fermions, and such processes are absent.
5 Conclusion
We have computed the effects of nonzero Majorana neutrino transition magnetic moments
on the oscillation of supernova neutrinos. Expanding on the results presented in [20], we
have included the existence of the three confirmed neutrino species and included all known
information regarding neutrino oscillation parameters. In this three-flavor scenario, we were
allowed to not only compute the neutrino oscillation patterns at small radii, where collective
effects dominate, but also include the standard MSW effects that occur at larger distances
from the center of the supernova. This way, we were able to compute, for a fixed set of initial
neutrino spectra, the different neutrino flux spectra, as a function of energy and flavor, when
the supernova neutrinos arrive at the Earth’s surface. These are depicted in Figs. 7 and 8.
We also discussed a very coarse measure of whether Magnetic moment effects can be seen by
Earth-bound neutrino detectors.
We confirm that the qualitative results obtained in the two-flavor approximation persist
when the existence of all three neutrino species is acknowledged. More quantitatively, we
4We remind readers that our results are not meant to address observables related to the time-dependency
of the supernova neutrino flux, or the flux of neutrinos that are produced within one or two seconds of the
“bounce.”
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find that transition magnetic moment values of the order of those predicted by the Standard
Model augmented by Majorana neutrino masses can have significant effects on collective
neutrino oscillations. This result depends on the neutrino luminosity and the magnitude
and direction of the magnetic fields inside the supernova explosion. We highlight, however,
that the values assumed here are in the “middle of the pack” as far as a scan of supernova
explosion models is concerned. To the best of our knowledge, the oscillation of supernova
neutrinos appears to be the only physical phenomenon where standard-model-sized Majorana
neutrino magnetic moments may lead to an observable effect.
We presented detailed results assuming that the eµ-component of the neutrino magnetic
moment tensor is nonzero. We find that the effect of the other components, when turned
on individually, is qualitatively similar. We also find that the Dirac CP-violating phase δ,
once magnetic moment effects are taken into account, has an effect on the evolution of the
supernova neutrino fluxes, unlike the case of zero magnetic moments. However a visual
examination of Figs. 4 and 6 suggests that the effects are too subtle to be of any importance
from a measurement point of view.
Our results provide yet another “barrier” as far as the enterprise of measuring the un-
known neutrino oscillation parameters – especially the neutrino mass hierarchy – via the
measurement of supernova neutrinos is concerned. In a nutshell, the flux of supernova neu-
trinos depends very sensitively on not only the neutrino oscillation parameters but also on
quantitative details of the supernova explosion (initial neutrino luminosities and tempera-
tures, etc) and other neutrino properties. The subject of this paper, transition magnetic
moments, is a very non-exotic – massive Majorana neutrinos have nonzero transition mag-
netic moments – example of the latter. Other subtle but non-exotic effects exist, including,
for example, relative µ − τ refraction terms. These can also significantly affect collective
neutrino oscillations in supernovae [57] and have been ignored here. While disentangling all
the different effects appears to be a daunting task, it is important to keep in mind that the
potential pay-off is huge.
If it turns out that it is not, in general and model-independently, possible to determine
the neutrino mass hierarchy from precise measurements of the flux of supernova neutrinos, it
is still true that such a measurement will provide invaluable information regarding supernova
explosions and other neutrino properties. Indeed, it may be most productive to consider that
the job of analyzing supernova neutrino spectra will be made easier, and the results more
robust, once the neutrino oscillation parameters are well-measured using different neutrino
sources, both natural (e.g. atmospheric neutrinos) and man-made (accelerator and reactor
neutrinos). Indeed, if the mass-hierarchy were known, it would be significantly easier to
robustly establish that neutrino transition magnetic moments are not zero by measuring the
flux of electron-type neutrinos and antineutrinos.
We would like to remind the reader that these conclusions are valid only for the collective
oscillations in the late stages of the supernova evolution. The physics of collective oscillations
in the early stages is a difficult endeavour. However, it is conceivable that we may be
able to isolate the neutrinos from the later stages of evolution or gain more insight using
the time variation of the neutrino flux as we continue to learn more about the physics of
collective neutrino oscillations. While significant progress has been made, the phenomenology
of collective neutrino oscillations is still in its infancy. Our goal here is to draw attention to
fact that Majorana neutrino transition magnetic moment effects are not negligible, regardless
of the existence of “new physics,” and cannot be ignored in future phenomenological studies.
The phenomenon of collective oscillations continues to surprise us because of its highly
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non-linear dependence on neutrino parameters. Although we have established the extraordi-
nary sensitivity of collective oscillations to Majorana transition magnetic moments, several
other issues remain to be explored. Multi-angle calculations with transition magnetic mo-
ments, for example, are necessary to get a more realistic picture of the effect of Majorana
transition moments on supernova neutrino spectra at the detectors. Also, there needs to be
a thorough investigation of these lepton number violating effects in collective oscillations on
other possible supernova-related observables, such as the abundances of heavy elements via
r-process nucleosynthesis.
Acknowledgments
We would like to thank Georg Raffelt for many useful comments on the draft. This work is
sponsored in part by the DOE grant #DE-FG02-91ER40684.
References
[1] B. Dasgupta, A. Dighe, and A. Mirizzi, Identifying neutrino mass hierarchy at extremely small
theta(13) through Earth matter effects in a supernova signal, Phys.Rev.Lett. 101 (2008)
171801, [arXiv:0802.1481].
[2] S. Chakraborty, S. Choubey, B. Dasgupta, and K. Kar, Effect of Collective Flavor Oscillations
on the Diffuse Supernova Neutrino Background, JCAP 0809 (2008) 013, [arXiv:0805.3131].
[3] J. Gava, J. Kneller, C. Volpe, and G. McLaughlin, A Dynamical collective calculation of
supernova neutrino signals, Phys.Rev.Lett. 103 (2009) 071101, [arXiv:0902.0317].
[4] G. L. Fogli, E. Lisi, A. Marrone, and A. Mirizzi, Collective neutrino flavor transitions in
supernovae and the role of trajectory averaging, JCAP 0712 (2007) 010, [arXiv:0707.1998].
[5] H. Duan, G. M. Fuller, J. Carlson, and Y.-Z. Qian, Simulation of Coherent Non-Linear
Neutrino Flavor Transformation in the Supernova Environment. 1. Correlated Neutrino
Trajectories, Phys.Rev. D74 (2006) 105014, [astro-ph/0606616].
[6] G. G. Raffelt and A. Y. Smirnov, Adiabaticity and spectral splits in collective neutrino
transformations, Phys.Rev. D76 (2007) 125008, [arXiv:0709.4641].
[7] H. Duan, G. M. Fuller, and Y.-Z. Qian, A Simple Picture for Neutrino Flavor Transformation
in Supernovae, Phys.Rev. D76 (2007) 085013, [arXiv:0706.4293].
[8] H. Duan, G. M. Fuller, J. Carlson, and Y.-Q. Zhong, Neutrino Mass Hierarchy and Stepwise
Spectral Swapping of Supernova Neutrino Flavors, Phys.Rev.Lett. 99 (2007) 241802,
[arXiv:0707.0290].
[9] G. Fogli, E. Lisi, A. Marrone, A. Mirizzi, and I. Tamborra, Low-energy spectral features of
supernova (anti)neutrinos in inverted hierarchy, Phys.Rev. D78 (2008) 097301,
[arXiv:0808.0807].
[10] B. Dasgupta, A. Dighe, G. G. Raffelt, and A. Y. Smirnov, Multiple Spectral Splits of Supernova
Neutrinos, Phys.Rev.Lett. 103 (2009) 051105, [arXiv:0904.3542].
[11] H. Duan, G. M. Fuller, and Y.-Z. Qian, Collective Neutrino Oscillations,
Ann.Rev.Nucl.Part.Sci. 60 (2010) 569–594, [arXiv:1001.2799].
[12] H. Duan, G. M. Fuller, J. Carlson, and Y.-Z. Qian, Analysis of Collective Neutrino Flavor
Transformation in Supernovae, Phys.Rev. D75 (2007) 125005, [astro-ph/0703776].
[13] G. G. Raffelt and A. Y. Smirnov, Self-induced spectral splits in supernova neutrino fluxes,
Phys.Rev. D76 (2007) 081301, [arXiv:0705.1830].
– 13 –
[14] T2K Collaboration Collaboration, K. Abe et al., Indication of Electron Neutrino Appearance
from an Accelerator-produced Off-axis Muon Neutrino Beam, Phys.Rev.Lett. 107 (2011)
041801, [arXiv:1106.2822].
[15] MINOS Collaboration Collaboration, P. Adamson et al., Improved search for
muon-neutrino to electron-neutrino oscillations in MINOS, Phys.Rev.Lett. 107 (2011) 181802,
[arXiv:1108.0015].
[16] DOUBLE-CHOOZ Collaboration Collaboration, Y. Abe et al., Indication for the
disappearance of reactor electron antineutrinos in the Double Chooz experiment, Phys.Rev.Lett.
108 (2012) 131801, [arXiv:1112.6353].
[17] RENO collaboration Collaboration, J. Ahn et al., Observation of Reactor Electron
Antineutrino Disappearance in the RENO Experiment, Phys.Rev.Lett. 108 (2012) 191802,
[arXiv:1204.0626].
[18] NOvA Collaboration Collaboration, G. S. Davies, NOvA: Present and Future,
arXiv:1110.0112.
[19] M. Blennow and T. Schwetz, Identifying the Neutrino mass Ordering with INO and NOvA,
JHEP 1208 (2012) 058, [arXiv:1203.3388].
[20] A. de Gouveˆa and S. Shalgar, Effect of Transition Magnetic Moments on Collective Supernova
Neutrino Oscillations, JCAP 1210 (2012) 027, [arXiv:1207.0516].
[21] M. Dvornikov, Evolution of a dense neutrino gas in matter and electromagnetic field,
Nucl.Phys. B855 (2012) 760–773, [arXiv:1108.5043].
[22] E. W. Kolb, D. L. Tubbs, and D. A. Dicus, Lepton number violation, Majorana neutrino, and
supernovae, Astrophys.J. 255 (1982) L57.
[23] A. Friedland, Self-refraction of supernova neutrinos: mixed spectra and three-flavor
instabilities, Phys.Rev.Lett. 104 (2010) 191102, [arXiv:1001.0996].
[24] A. B. Balantekin, J. Gava, and C. Volpe, Possible CP-Violation effects in core-collapse
Supernovae, Phys.Lett. B662 (2008) 396–404, [arXiv:0710.3112].
[25] R. Sawyer, The multi-angle instability in dense neutrino systems, Phys.Rev. D79 (2009)
105003, [arXiv:0803.4319].
[26] H. Duan, G. M. Fuller, and J. Carlson, Simulating nonlinear neutrino flavor evolution,
Comput.Sci.Dis. 1 (2008) 015007, [arXiv:0803.3650].
[27] H. Duan, G. M. Fuller, and Y.-Z. Qian, Symmetries in collective neutrino oscillations,
J.Phys.G G36 (2009) 105003, [arXiv:0808.2046].
[28] J. F. Cherry, J. Carlson, A. Friedland, G. M. Fuller, and A. Vlasenko, Neutrino scattering and
flavor transformation in supernovae, Phys.Rev.Lett. 108 (2012) 261104, [arXiv:1203.1607].
[29] S. Sarikas, I. Tamborra, G. Raffelt, L. Hudepohl, and H.-T. Janka, Supernova neutrino halo
and the suppression of self-induced flavor conversion, Phys.Rev. D85 (2012) 113007,
[arXiv:1204.0971].
[30] Particle Data Group Collaboration, J. Beringer et al., Review of Particle Physics (RPP),
Phys.Rev. D86 (2012) 010001,
[http://pdg.lbl.gov/2012/reviews/rpp2012-rev-neutrino-mixing.pdf].
[31] MINOS Collaboration Collaboration, P. Adamson et al., Measurement of the neutrino mass
splitting and flavor mixing by MINOS, Phys.Rev.Lett. 106 (2011) 181801, [arXiv:1103.0340].
[32] DAYA-BAY Collaboration Collaboration, F. An et al., Observation of electron-antineutrino
disappearance at Daya Bay, Phys.Rev.Lett. 108 (2012) 171803, [arXiv:1203.1669].
[33] MINOS Collaboration Collaboration, A. B. Sousa, MINOS Search for Sterile Neutrinos,
arXiv:1110.3455.
– 14 –
[34] MINOS Collaboration Collaboration, P. Adamson et al., Active to sterile neutrino mixing
limits from neutral-current interactions in MINOS, Phys.Rev.Lett. 107 (2011) 011802,
[arXiv:1104.3922].
[35] G. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo, et al., Global analysis of neutrino
masses, mixings and phases: entering the era of leptonic CP violation searches, Phys.Rev. D86
(2012) 013012, [arXiv:1205.5254].
[36] M. T. Keil, G. G. Raffelt, and H.-T. Janka, Monte Carlo study of supernova neutrino spectra
formation, Astrophys.J. 590 (2003) 971–991, [astro-ph/0208035].
[37] J. Schechter and J. Valle, Majorana Neutrinos and Magnetic Fields, Phys.Rev. D24 (1981)
1883–1889.
[38] C. Broggini, C. Giunti, and A. Studenikin, Electromagnetic Properties of Neutrinos, Adv.High
Energy Phys. 2012 (2012) 459526, [arXiv:1207.3980].
[39] E. Nardi and J. I. Zuluaga, Pulsar acceleration by asymmetric emission of sterile neutrinos,
Astrophys.J. 549 (2001) 1076–1084, [astro-ph/0006285].
[40] E. K. Akhmedov, A. Lanza, and D. Sciama, Resonant spin flavor precession of neutrinos and
pulsar velocities, Phys.Rev. D56 (1997) 6117–6124, [hep-ph/9702436].
[41] C. Lunardini and A. Y. Smirnov, Neutrinos from SN1987A, earth matter effects and the LMA
solution of the solar neutrino problem, Phys.Rev. D63 (2001) 073009, [hep-ph/0009356].
[42] C. Lunardini and A. Y. Smirnov, Supernova neutrinos: Earth matter effects and neutrino mass
spectrum, Nucl.Phys. B616 (2001) 307–348, [hep-ph/0106149].
[43] K. Takahashi and K. Sato, Earth effects on supernova neutrinos and their implications for
neutrino parameters, Phys.Rev. D66 (2002) 033006, [hep-ph/0110105].
[44] A. Dighe, M. Kachelriess, G. Raffelt, and R. Tomas, Signatures of supernova neutrino
oscillations in the earth mantle and core, JCAP 0401 (2004) 004, [hep-ph/0311172].
[45] A. Mirizzi, G. Raffelt, and P. Serpico, Earth matter effects in supernova neutrinos: Optimal
detector locations, JCAP 0605 (2006) 012, [astro-ph/0604300].
[46] B. Dasgupta and A. Dighe, Collective three-flavor oscillations of supernova neutrinos,
Phys.Rev. D77 (2008) 113002, [arXiv:0712.3798].
[47] A. Cocco, A. Ereditato, G. Fiorillo, G. Mangano, and V. Pettorino, Supernova relic neutrinos
in liquid argon detectors, JCAP 0412 (2004) 002, [hep-ph/0408031].
[48] E. K. Akhmedov, A. Lanza, and S. Petcov, Implications of gallium solar neutrino data for the
resonant spin flavor precession scenario, Phys.Lett. B303 (1993) 85–94, [hep-ph/9301239].
[49] E. K. Akhmedov, A. Lanza, S. Petcov, and D. Sciama, Resonant neutrino spin flavor
precession and supernova shock revival, Phys.Rev. D55 (1997) 515–522, [hep-ph/9603443].
[50] A. Balantekin, P. Hatchell, and F. Loreti, Matter enhanced spin flavor precession of solar
neutrinos with transition magnetic moments, Phys.Rev. D41 (1990) 3583.
[51] S. Ando and K. Sato, Resonant spin flavor conversion of supernova neutrinos: Dependence on
presupernova models and future prospects, Phys.Rev. D68 (2003) 023003, [hep-ph/0305052].
[52] C.-S. Lim and W. J. Marciano, Resonant Spin - Flavor Precession of Solar and Supernova
Neutrinos, Phys.Rev. D37 (1988) 1368–1373.
[53] E. K. Akhmedov and Z. Berezhiani, Implications of Majorana neutrino transition magnetic
moments for neutrino signals from supernovae, Nucl.Phys. B373 (1992) 479–497.
[54] R. Barbieri and R. N. Mohapatra, Limit on the Magnetic Moment of the Neutrino from
Supernova SN 1987a Observations, Phys.Rev.Lett. 61 (1988) 27.
– 15 –
[55] A. Ayala, J. C. D’Olivo, and M. Torres, Bound on the neutrino magnetic moment from
chirality flip in supernovae, Phys.Rev. D59 (1999) 111901, [hep-ph/9804230].
[56] A. Kuznetsov, N. Mikheev, and A. Okrugin, Reexamination of a Bound on the Dirac Neutrino
Magnetic Moment from the Supernova Neutrino Luminosity, Int.J.Mod.Phys. A24 (2009)
5977–5989, [arXiv:0907.2905].
[57] A. Esteban-Pretel, S. Pastor, R. Tomas, G. G. Raffelt, and G. Sigl, Mu-tau neutrino refraction
and collective three-flavor transformations in supernovae, Phys.Rev. D77 (2008) 065024,
[arXiv:0712.1137].
– 16 –
